It is well known that, following the emergence of the first evidence for an expanding universe, Albert Einstein banished the cosmological constant term from his cosmology. Indeed, he is reputed to have labelled the term, originally introduced to the field equations of general relativity in 1917 in order to predict a static universe, his "biggest blunder". However serious doubts about this reported statement have been raised in recent years. In this paper, we interrogate the legend of Einstein's "biggest blunder" statement in the context of our recent studies of Einstein's cosmology in his later years. We find that the remark is highly compatible with Einstein's cosmic models of the 1930s, with his later writings on cosmology, and with independent reports by at least three physicists. We conclude that there is little doubt that Einstein came to view the introduction of the cosmological constant term a serious error and that it is very likely that he labelled the term his "biggest blunder" on at least one occasion.
Introduction
3 Does it matter whether or not Einstein once described his introduction of the cosmological constant term to the field equations as his "biggest blunder"? We recently decided to investigate this story for a number of reasons. In the first instance, if it can be shown that the report is false, the legend constitutes an important example of the dangers of taking an apocryphal story at face value. On the other hand, if it can be shown that the report is true, it casts useful light on Einstein's cosmology in his later years and may be of relevance to today's cosmologists.
Finally, the story's strong association with the enigmatic physicist George Gamow prompts some reflections on one of the most intriguing and controversial figures of 20 th century physics.
Einstein's introduction of the cosmological constant term
In 1917, Einstein attempted the first relativistic model of the universe 1 as an important test for his newly-minted general theory of relativity 2 . As he remarked to the Dutch astronomer Willem de Sitter: "For me… it was a burning question whether the relativity concept can be followed through to the finish, or whether it leads to contradictions" 3 . However, assuming a static, uniform distribution of matter and a cosmos of closed spatial curvature (due to his desire to render his model compatible with his understanding of Mach's Principle 4 ), Einstein soon found that the covariant field equations of relativity
gave a null solution for the case of the universe as a whole. (Here is a four-dimensional tensor representing the curvature of space-time with elements , is a tensor representing energy and momentum, T is a scalar and is the Einstein constant 8 2 ⁄ ).
Einstein's answer was to modify the field equations by introducing a new term according to
where λ was a universal constant known as the cosmological constant. Einstein then showed that the modified field equations (2) have the solution
where ρ and R represent the mean density of matter and the radius of the cosmos respectively 1 .
Thus, Einstein's 1917 model of the cosmos gave an apparently satisfactory relation between the size of the universe and the amount of matter it contained. Indeed, in his correspondence around this time, Einstein attempted a rough estimate of the size of the universe (and thus of the cosmological constant) using estimates of the density of matter in the Milky Way, although he later realised that such calculations were unreliable 5 .
However, there is little doubt that an interpretation of the physics underlying the cosmological constant term posed a challenge for Einstein from the outset. Many of Einstein's contemporaries took a different approach at this time. Some felt that the cosmological constant term should be retained for reasons of mathematical generality 27 28 ;
others felt that the term could be used to address cosmological puzzles such as the timespan of cosmic expansion (above) and the question of the formation of galaxies in an expanding universe 29 30 . Some also felt that the term had an important role to play in giving a physical cause for cosmic expansion 31 32 . However, Einstein was not swayed by any of these arguments
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.
Einstein's view of the cosmological constant in later years
There is no evidence that Einstein changed his view on the matter in later years. As concerns Lemaître's arguments in favour of the so-called "cosmological constant"
in the equations of gravitation, I must admit that these arguments do not appear to me as sufficiently convincing in view of the present state of our knowledge. The introduction of such a constant implies a considerable renunciation of the logical simplicity of theory, a renunciation which appeared to me unavoidable only so long as one had no reason to doubt the essentially static nature of space. After Hubble's discovery of the "expansion" of the stellar system, and since Friedmann's discovery that the unsupplemented equations involve the possibility of the existence of an average (positive) density of matter in an expanding universe, the introduction of such a constant appears to me, from the theoretical standpoint, at present unjustified. 36 Thus there is little doubt that, from the 1930s onwards, Einstein had little use for the cosmological constant term on the dual grounds that it did not give a stable static solution, and that the term was not required in order to describe the dynamic universe suggested by observation. Einstein's emphasis on the first of these points in all of his later writings on cosmology is of primary interest here as it implies that he came to view his failure to note the instability of his 1917 model as a technical error. Indeed, it could be argued that the error prevented the prediction of a dynamic cosmos a decade before Hubble's observations.
Over the years 1950-1990, many other physicists came to share Einstein's view of the cosmological constant as a blunder. One reason was the resolution of the so-called age paradox (above); with improved measurements in the 1950s and 60s of the distance to the galaxies, estimates of the age of the universe implied by the Hubble expansion were no longer in conflict with the age of the stars
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. Confidence in the simplest models of the cosmos increased and many 11 physicists came to view the cosmic constant term as an unnecessary complication. Indeed, in the absence of any evidence for spatial curvature or for a cosmological constant, the Einsteinde Sitter model (above) became the standard cosmic model for astronomers and theoreticians.
For many years, it seemed that the cosmos might be described in terms of just two parameters, each of which could be determined independently by astronomy, a view that remained essentially unchanged until the emergence of the first evidence for an accelerated expansion in the late 1990s. 
The legend of Einstein's "biggest blunder"
In a substantial article on 'big bang' cosmology published in Scientific American . That said, it is worth noting that the cosmological constant term was reintroduced to cosmology on various occasions in order to address outstanding puzzles in astronomical observation as they arose, culminating in today's observation of an accelerated cosmic expansion. 15 Each time this occurred, the tale of Einstein's "biggest blunder" was retold in the scientific literature and in the popular scientific press, strengthening the legend.
Interrogating the legend: the case for the prosecution
In recent years, Einstein's reputed "biggest blunder" remark has become the subject of increasing scepticism. At first, this suspicion took the form of mild doubts expressed by the occasional physicist or historian 39 (
ii) The question of Gamow's character
Another problem concerns the reliability of our secondary source. It is known from Gamow's own writings and from the accounts of colleagues that he was a physicist with an unusually well-developed sense of humour, given to pranks and to hyperbole 38 Error! Bookmark not defined. Error! Bookmark not defined.. These pranks were not always left at the office door.
Several august bodies, such as the US National Academy of Sciences and the journal Naturwissenschaften (the German equivalent of Nature) fell victim to Gamow's hoaxes and humour. In one famous episode, Gamow added the name of renowned stellar physicist Hans
Bethe to a key article on nucleosynthesis in the early universe written with his postgraduate student Ralph Alpher, so that the paper's author list would reflect its primordial theme 46 . More seriously, Gamow had a well-earned reputation as a drinker and bon viveur, and struggled with alcoholism later in life 47 48 . 
Interrogating the legend -the case for the defence
We find many of the arguments above quite reasonable. Yet, as noted in section 3, we also find Einstein's reported remark highly compatible with his attitude towards the cosmological constant term in the years after 1930. Indeed, it is worth repeating that, in all of his later reviews of cosmology 22 33 34 , Einstein stressed the instability of his static model of 1917 as grounds for rejection of the model (in addition to Hubble's observations). Thus, there is little question that Einstein came to view his introduction of the cosmological constant term as a serious error and we find it worthwhile to revisit the arguments of section 5. reference to an error that was political, rather than scientific, in nature. Thus we find the point rather moot -one could have a greatest scientific blunder as well as a greatest political blunder.
(i) On the question of primary sources
We note in passing that this particular statement by Einstein is widely accepted without question, although no record of the statement has been found in Einstein's papers. Indeed, the only supporting evidence for the statement stems from a colleague's recollections of a conversation with Einstein -exactly as in the case of the "biggest blunder" remark.
(ii) On the question of Gamow's character
As regards the character of George Gamow, one wonders whether too much has been made of Gamow's famous sense of humour. It seems to us rather a stretch to assume that, because
Gamow was given to pranks, he may have fabricated a key comment on cosmology by Einstein.
For example, it's worth reconsidering the story of Gamow's inclusion of Bethe's name as coauthor of the famous αβγ paper (above). In the first instance, Gamow was on very friendly a We thank Daniel Kennefick for this information.
terms with Bethe, a world-famous authority on stellar processes, and the two had many interactions in the field of nuclear physics; indeed, Bethe was an early and enthusiastic contributor to the well-regarded annual conference on theoretical physics hosted by Gamow at George Washington University. 51 Second, it is known, but seldom acknowledged, that the αβγ paper was reviewed and approved by Bethe before publication 52 53 . Finally, we note that Bethe acted as external examiner for Alpher's doctoral thesis just a few months later. Thus, the inclusion of Bethe's name as a co-author on a key paper may have been a clever pun, but it was hardly the mischievous, random act that is customarily portrayed. 
(iii) On the interactions between Einstein and Gamow
As regards Gamow's interactions with Einstein, Stephan Brunauer's account that Gamow may have exaggerated his role in liaising with Einstein on behalf of the US Navy seems persuasive.
However, a passage from the memoir of well-known American physicist Robert Finkelstein gives pause for thought 56 :
19 At about that time Einstein had agreed to serve as a consultant to our group but did not want to travel to Washington. So there had to be a liaison person and I was given that opportunity. Since Einstein did not know me, there had to be someone to introduce us.
It then happened that I was introduced to Einstein by John von Neumann, one of the most important mathematicians of all time, and who had also become a consultant to our group. It was a very great experience for a new Ph.D. to be introduced to Einstein by Von Neumann! During the following period I met Einstein every week until Gamow joined our group and became the liaison person.
It seems reasonable to conclude from this account that Gamow, as Finkelstein's successor in the role of Einstein's 'liaison person' with the Navy, also met Einstein regularly, at least in the early months of his appointment. Thus, one wonders if the truth lies somewhere in between Brunaeur's recollections and Gamow's comments in his autobiography.
It is also important to note that Gamow's interaction with Einstein was not limited to their work as consultants for the US Navy. It is known that Gamow visited Princeton on many occasions in the 1940s and 1950s 51 57 . Many biographers have noted that Einstein became quite isolated from scientific colleagues at Princeton in later years 58 59 60 and it is likely that Gamow, a German-speaking physicist with a reputation as an 'ideas' man, was a welcome visitor.
Gamow never pretended to any great expertise in the technicalities of mathematical physics, but his extraordinary insights into nuclear and quantum physics led to a number of successful breakthroughs in different areas. For example, Gamow's early grasp of Schrödinger's wave mechanics led to the first successful explanation of the alpha-decay of the nucleus in 1928 could it be that the elements were formed, not in the cauldron of stars as commonly supposed, but in a universe that was once extremely hot and dense? Shortly after completing a key paper on the subject 66 , Gamow sent a copy to Einstein. The latter responded positively 67 stating:
After receiving your manuscript I read it immediately and then forwarded it to Dr.
Spitzer. I am convinced that the abundance of the elements as function of the atomic weight is a highly important starting point for cosmogenic speculations.
The idea that the whole expansion process started with a neutron gas seems to be quite natural too. The explanation of the abundance curve by formation of the heavier elements in making use of the known facts of probability coefficients seems to me to be pretty convincing. Gamow studied with Born's group in Göttingen in 1928 and with Bohr's group in Copenhagen in 1929-31. c We note that Gamow was nominated for the Nobel Prize in physics on at least three occasions (1943, 1946, 1967) . This is a very favourable review and it also confirms that Einstein and Gamow were discussing astronomy and cosmology in the late 1940s, at a time when Einstein had very little interaction with other physicists and virtually no interaction with physicists interested in cosmology. In this context, one might argue that, if Einstein was to make the "biggest blunder" comment to anyone, Gamow was a very likely candidate. A copy of Einstein's letter forwarded by Gamow to a colleague is displayed in Figure 5 ; careful perusal shows that it is dated 1948, not 1946 as sometimes stated. d We also note that the letter suggests that Einstein and Gamow interacted through English rather than German. Finally, we note that Gamow added the inscription "Of course, the old man agrees with almost anything nowaday" at the bottom of the letter. This inscription is sometimes interpreted in a negative way
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; however, we find it a good example of the manner in which Gamow often undermined his own successes with humour and selfdeprecation.
Thus it seems very probable that Einstein and Gamow enjoyed many interesting conversations in the 1940s and 50s on a wide range of physics, just as Gamow reported in his autobiography. Which of these conversations occurred under the auspices of the US Navy is rather a moot point, as Gamow does not claim that Einstein's remark was made during one of their Navy meetings.
(iv) A new line of evidence
We note finally that the story of Einstein's "biggest blunder" does not in fact rest entirely on Gamow's testimony alone. In the course of our own research into Einstein's cosmology in his later years, we have come across similar testimonies from two other physicists. 69 . This account can be read in full in Figure 7 . It confirms our earlier impression that, even in the face of the problematic timespan of cosmic expansion, Einstein saw the use of the cosmological constant term in his later years as an error. It is of course possible that both Wheeler and Alpher were influenced by Gamow's recollections. However, it seems a stretch to accuse three different scientists of invention; a more likely explanation is that all three reports pertain to the same occasion.
Summary and conclusions
Summarizing the results of our interrogation into the legend of Einstein's "biggest blunder" remark, we find that:
The statement is highly compatible with Einstein's cosmic models of the 1930s 
Coda
We note finally that it is sometimes argued that Einstein's real blunder was not the introduction of the cosmological constant in 1917, but his banishment of the term from 1931 onwards. As is well-known, modern measurements of cosmic expansion and of the cosmic microwave background suggest the presence of a significant 'dark' component of cosmic energy, a phenomenon that can be described within the context of general relativity by including a cosmological constant term in the field equations 15 70 . In addition, the term increases the generality of the field equations and may help establish links between general relativity and other modern field theories 71 72 . However, we find this argument somewhat ahistorical. As pointed out in section 3, Einstein's cosmology was focused on the attempt to describe the observed universe as simply as possible, at a time when the discovery of dark energy and the 24 advent of quantum field theories lay in the distant future. By contrast, Einstein came to view his failure to consider the stability of his static model a true error, and he acknowledged it as such on many occasions.
We shall never know Einstein's reaction to the recent discovery of an acceleration in cosmic expansion. At first sight, it seems likely that he would have been pleased that the phenomenon can be described within the context of the general theory of relativity, albeit via the re-introduction of the cosmological constant term. However, Einstein's clear dislike of the term as a complication of the field equations gives pause for thought; is it possible we are once again falling into the trap of amending the general theory of relativity in an ad-hoc manner in order to account for a cosmological puzzle that may one day be described without recourse to such changes? Thus, Einstein's "biggest blunder" remark provides some succour to those cosmologists today who seek to describe the observed universe without recourse to a cosmological constant term. 
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Figure 2
Letter from Einstein to Georges Lemaȋtre, September 26th, 1947. © The Hebrew University of Jerusalem.
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Figure 3
George Gamow (aged 26) at a meeting in 1930 at the Niels Bohr Institute in Copenhagen.
Front row (L to R): Oskar Klein, Niels Bohr, Werner Heisenberg, Wolfgang Pauli, Gamow, Lev Landau and Hans Kramers. © Niels Bohr Archive, Copenhagen.
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Figure 4
John Cockcroft (L) and George Gamow (R) at the Cavendish Laboratory in 1931, discussing the possibility of splitting the atomic nucleus. © Cavendish Laboratory Photography Collection.
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Figure 5
Letter from Einstein to George Gamow, August 4th 1948, with hand-written inscription added by Gamow. © The Hebrew University of Jerusalem.
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Figure 6
Excerpt from the book Exploring Black Holes: Introduction to General Relativity by Edwin long, but it did give us some heartburn as it led to an age of the universe less than the age of the earth, and it impressed steady state cosmologists at the time as strong evidence against the Big Bang. A way to fix this was to reactivate the cosmological constant. Einstein did not like this very much, and, as I recall, said his introduction of the concept in his early work was a blunder. The only documentation I know of was Gamow's remark in his autobiography.
Figure 7
Posting by Ralph Alpher on the online message board of the History of Astronomy Discussion Group (HASTRO) on April 2 nd 1998.
